The toll-like receptor 4 (TLR4)-myeloid differentiation factor 88 (MyD88)-dependent signaling pathway plays a role in the initiation and progression of coronary artery disease (CAD). We investigated SNP-SNP interactions between the TLR4 and MyD88 genes in CAD susceptibility and assessed whether the effects of such interactions were modified by confounding risk factors (hyperglycemia, hyperlipidemia and Helicobacter pylori (H. pylori) infection). Participants with CAD (n = 424) and controls (n = 424) without CAD were enrolled. Polymerase chain restriction-restriction fragment length polymorphism was performed on genomic DNA to detect polymorphisms in TLR4 (rs10116253, rs10983755, and rs11536889) and MyD88 (rs7744). H. pylori infections were evaluated by enzyme-linked immunosorbent assays, and the cardiovascular risk factors for each subject were evaluated clinically. The significant interaction between TLR4 rs11536889 and MyD88 rs7744 was associated with an increased CAD risk (p value for interaction = 0.024). In conditions of hyperglycemia, the interaction effect was strengthened between TLR4 rs11536889 and MyD88 rs7744 (p value for interaction = 0.004). In hyperlipidemic participants, the interaction strength was also enhanced for TLR4 rs11536889 and MyD88 rs7744 (p value for interaction = 0.006). Thus, the novel interaction between TLR4 rs11536889 and MyD88 rs7744 was related with an increased risk of CAD, that could be strengthened by the presence of hyperglycemia or hyperlipidemia.
Introduction
Coronary artery disease (CAD) is the most common cause of morbidity and mortality in China [1] . It is a complex disease determined by genetic predisposition and environmental factor accumulation, which play major roles in a number of associated vessel wall abnormalities [2] . A person's genetic make-up as well as other well-known major risk factors are important for the initiation and progression of CAD. Indeed, a substantial body of literature has investigated the association of CAD with gene polymorphisms [3] [4] [5] .
Toll-like receptor 4 (TLR4) and myeloid differentiation factor 88 (MyD88), which act as the gate of the innate immune system and the trigger of the adaptive immune system, have been extensively studied for their roles in the pathogenesis and progression of CAD [6, 7] . Compared to the wild-type mice, the mice deficiency of the TLR4 gene or MyD88 gene exhibited significantly smaller infarctions, as well as lower levels of some atherogenic cytokines (e.g., IL-1β, IL-6, and TNFα) [8] . Some studies have found that a coding polymorphism in the TLR4 gene was associated with CAD or acute myocardial infarction in a Caucasian population, but not in a Chinese population [9] . Regarding the MyD88 gene, a single nucleotide polymorphism (SNP) in its 3 1 -untranslated region (3 1 -UTR) has been reported to be associated with Buerger disease but not with Takayasu arteritis in the Japanese population [10] . Up to date, 153 suggestive DNA variants associated with CAD have been discovered by genome-wide association study (GWAS) worldwide. However, each variant usually confers a minimal to modest increase in relative risk, averaging only 18% (corresponding to an odds ratio of 1.18) [11] . Accordingly, the results of genetic polymorphism studies that have sought to identify relationships for TLR4 and MyD88 genes with CAD remain controversial and inconclusive. In most studies, the association between the risks of CAD and genetic polymorphisms was often limited to one loci or haplotypes over several neighboring loci in one gene of interest, which seems insufficient as the genetic baseis for CAD is complex and varied [12] . Thus, an increasing number of studies have assessed epistatic gene-gene interaction effects on CAD susceptibility [13, 14] . TLR4 is an important membrane receptor, which not only can recognize most of exogenous ligands, like lipopolysaccharide (LPS) of Helicobacter pylori (H. pylori) [15] , but also can bind to some endogenous ligands, such as fetuin-A (FetA) related to hyperglycemia and minimally modified low density lipoprotein (mmLDL) involved in hyperlipidemia [16, 17] . Thus, we made further efforts on evaluation of the modified function of the related environmental factors to the SNP-SNP interaction effect of TLR4 and MyD88 genes that are not.
Consequently, in this study, we investigated potential SNP-SNP interactions of TLR4 and MyD88 genes for their possible roles in susceptibility to CAD. We assessed whether the effects of such interactions were modified by environmental factors, such as hyperglycemia, hyperlipidemia and H. pylori infection, in order to determine the architecture of CAD predisposition and thereby improve personalized preventative for individuals at risk of this disease.
Materials and Methods

Study Population
This was a single center, case-control study. We collected data from 848 consecutive participants who had undergone coronary angiography at the First Affiliated Hospital of China Medical University between 2012 and 2015. This study was approved by the Ethics Committee (Ethic Approval Number: [2011] 18 and 2015-68-2). Patients who had at least one vessel with stenosis of no less than 50% diameter were defined as CAD cases (n = 424). Those who had no demonstrable lesions on angiography served as controls (n = 424). The exclusion criteria were as follows: participants with cardiomyopathy, auto-immunological disease, severe kidney or liver disease, or malignant disease.
All participants had their demographic characteristics (e.g., age, sex) recorded and were examined to determine the presence of cardiovascular risk factors. The confounding risk factors were as follows: (a) smoking: individuals who had smoked at least one cigarette per day for more than one year were classified as smokers; (b) alcohol consumption: individuals who had consumed at least one alcoholic drink a day for a minimum period of six months were defined as consumers of alcohol; (c) hypertension: individuals with systolic blood pressure ě140 mmHg or diastolic blood pressure ě90 mmHg, or both, were considered hypertensive; (d) hyperglycemia: individuals with fasting plasma glucose ě7.0 mmol/L or 2-h plasma glucose ě11.1 mmol/L, or both, were considered hyperglycemic; (e) hyperlipidemia: participants with plasma cholesterol concentration ě5.17 mmol/L, or plasma triglyceride concentration ě1.70 mmol/L or plasma low-density lipoprotein cholesterol concentration ě2.58 mmol/L, were considered hyperlipidemic. Details of the study group characteristics were summarized in Table 1 . 
SNP Selection and Genotyping
A two-step approach was performed to identify tag-SNPs in TLR4 and MyD88 genes as described previously [18] . First, tag-SNPs were selected in the combinations provided by the HapMap database (Release 27, Phase I + II + III) and Haploview software [19, 20] . Next, the functional effects of the selected tag-SNPs were predicted by FuncPred software [21] . Accordingly, two tag-SNPs (rs10116253 and rs10983755) in the promoter region of TLR4, one tag-SNP (rs11536889) in the 3 1 -UTR of TLR4 and one tag-SNP (rs7744) in the 3 1 -UTR of MyD88 were screened.
Genomic DNA of each subject was extracted from a blood clot using standard phenol-chloroform methodology. The polymorphisms were detected using the polymerase chain restriction-restriction fragment length polymorphism (PCR-RFLP) procedure. Table S1 shows the details of the PCR-RFLP conditions of the four tag-SNPs.
H. pylori Serology
The concentration of serum IgG, specific for H. pylori was tested using an enzyme-linked immunosorbent assay (H. pylori IgG ELISA kit; BIOHIT, Helsinki, Finland). The cut-off value is 34 EIU, which is given by the standard protocol (BIOHIT, Helsinki, Finland). If the titer value was above 34 EIU, the individual was defined as H. pylori infection [22] .
Statistical Analyses
All statistical analyses were performed using the SPSS 16.0 statistical software package (SPSS, Chicago, IL, USA). Discrete variables, represented as frequencies and percentages, were evaluated by Pearson's χ 2 tests. Continuous variables, presented as mean˘SD, were compared using ANOVA tests. SNP-SNP interaction effects were assessed using the likelihood-ratio tests, by comparing the fit of the logistic model that included the main effects of the environment risk factors and genotypes with a fully parameterized model [23] . Odds ratios (OR) with 95% confidence intervals (CI) were calculated as measures of associations adjusted by the confounding risk factors (age, sex, hypertension, hyperglycemia, hyperlipidemia and H. pylori infection) unless the risk factor had been used as a stratified factor. A two-side p value of <0.05 was considered statistically significant.
Results
Main Effect Analyses of Individual Polymorphisms in the TLR4 and MyD88
The genotype distributions of the four SNPs studied in the control participants followed Hardy-Weinberg equilibrium (HWE) (p > 0.05) (Table S2 ). In our unpublished data, we found that of the polymorphisms in TLR4 and MyD88, the TLR4 rs10116253 polymorphism was associated with a slightly decreased risk of CAD, whereas there was no overall genetic effect for TLR4 rs10983755, TLR4 rs11536889 or MyD88 rs7744 relating to CAD risk.
Two-Way Interactions between TLR4 and MyD88 Polymorphisms
In the two-way interaction analyses, the most significant interaction was between TLR4 rs11536889 and MyD88 rs7744. This interaction was associated with an increased risk of CAD (p value for interaction = 0.024, OR (95% CI) = 1.928 (1.089-3.413)). In contrast, in the two-way analyses between TLR4 rs10116253 or TLR4 rs10983755 and MyD88 rs7744, no statistically significant interactions were observed (p value for interaction >0.05) ( Table 2 ).
The Effect of Confounding Risk Factors on the Interaction between Polymorphisms in TLR4 and MyD88
In stratified analyses, we tested the effect of environmental risk factors (H. pylori infection, hyperglycemia and hyperlipidemia) on the interaction strength (Table 3) . Under conditions of hyperglycemia, the OR (95% CI) was 4.905 (1.640-14.673) between TLR4 rs11536889 and MyD88 rs7744 (p value for interaction = 0.004). In contrast, the OR (95% CI) was 1.336 (0.664-2.686) for the participants with normal plasma glucose levels (p value for interaction = 0.417). Moreover, when the participants had hyperlipidemia, the OR (95% CI) was 3.269 (1.398-7.644) between TLR4 rs11536889 and MyD88 rs7744 (p value for interaction = 0.006). However, no interaction effect was noted in the participants who lacked hyperlipidemia (OR (95% CI) = 1.156 (0.513-2.604), p value for interaction = 0.726). Furthermore, H. pylori infection did not influence the interaction effect between TLR4 rs11536889 and MyD88 rs7744 for CAD risk (p value for interaction >0.05). As to the analyses between TLR4 rs10116253 or TLR4 rs10983755 and MyD88 rs7744, no modification by any of the environmental risk factors was identified (p value for interaction >0.05) (Tables 4 and 5). 
Discussion
Genetic polymorphisms in humans can be used to predict the risks of particular diseases occurring. However, many previous studies have focused their attention on identifying single gene polymorphisms responsible for disease risk, but often no effects or weak effects have been found in such studies [24, 25] . Recently, increasing studies have investigated interactions among combinations of two or more SNPs, and the results have usually revealed a moderate or strong effect on disease risk [23, 26] . To the best of our knowledge, this study is the first to assess the interaction effects of TLR4 and MyD88 polymorphisms on CAD risk in the Chinese Han population. TLR4, as the gate of inflammatory reaction, not only can recognize pathogen-associated molecular patterns (PAMPs), but also can initiate inflammation in the lipid-laden artery wall via the NF-κB pathway, which have been proved to take part in the initiation and progression of atherosclerosis and its related complications [27, 28] . As to MyD88, the cytoplasmic receptor adaptor of TLR4, has been widely studied in atherogenesis. Besides involving in the classical TLR4-MyD88-dependent signaling pathway related to atheroscleorsis, MyD88 has been also played an important role in obesity-associated inflammatory diseases, including insulin resistance and atherosclerosis [29] . Hence, we performed interaction effect analyses on three tag-SNPs in TLR4 (rs10116253, rs10983755 and rs11536889) and one tag-SNP in MyD88 (rs7744) to evaluate the risk of CAD in the Chinese Han population. We found that an interaction effect between rs11536889 in TLR4 and rs7744 in MyD88 was associated with an increased risk of CAD. Furthermore, the interaction effect was exacerbated by the presence of hyperglycemia or hyperlipidemia.
Evidence is accumulating that TLR4 and MyD88 have a close relationship with many inflammation-related diseases, and many studies in recent years have focused on polymorphisms in TLR4 and MyD88 genes with disease risk [30, 31] . Some researchers have reported that TLR4 rs11536889 polymorphism is associated with a variety of autoimmune diseases, such as Grave's disease and autoimmune pancreatitis [32] . A study by Wang et al. revealed a relationship between TLR4 rs11536889 and sepsis [33] . Furthermore, the results from Sato et al. indicated that genetic variation of rs11536889 contributes to translational regulation of TLR4, possibly by binding to microRNAs [34] . Regarding MyD88 rs7744, Chen et al. found that the variant genotypes of rs7744 were associated with Buerger's disease in a Japanese population [10] . However, we found that when analyzed as a single locus, neither TLR4 rs11536889 nor MyD88 rs7744 had an effect on CAD risk. In contrast, the interaction effect of TLR4 rs11536889 and MyD88 rs7744 was associated with an increased risk of CAD. We consider the interaction effect of these two SNPs to be epistasis, which has been involved in susceptibility to various inflammation-related diseases, such as malignant tumors, asthma, and Parkinson's disease [35] [36] [37] . The epistatic effect of two or more genes can account for the missing heritability of many diseases, a phenomenon often underestimated or even ignored. Indeed, the genetic effects of TLR4 rs11536889 and MyD88 rs7744 polymorphisms on the risk of CAD would most likely have been missed had they not been tested jointly. Consequently, the epistatic effects of TLR4 rs11536889 and MyD88 rs7744 on the pathogenesis and progression of CAD might depend on the presence of the other SNP. It is assumed that a functional effect on TLR4 and MyD88 in the TLR4-MyD88-dependent signaling pathway might account for the interaction effect we observed. Any genetic mutation within this pathway, especially in key genes like TLR4 and MyD88, could potentially alter the action of other components of the pathway so as to influence inflammatory reactions in the pathogenesis and progression of atherosclerosis. Our study focused only on a few tag-SNPs with potential functions in the promoter and 3 1 -UTR of TLR4 and MyD88 genes, but this approach does not capture all genetic variants in these two genes. Therefore, further analyses covering more tag-SNPs should be undertaken to investigate the potential interaction effects of TLR4 and MyD88 more fully.
In the current study, heterogeneity in the hyperglycemia or hyperlipidemia status of the study participants had a significant effect on the interaction of TLR4 rs11536889 and MyD88 rs7744. Moreover, the interaction strength was enhanced under conditions of hyperglycemia or hyperlipidemia. Evidence suggests that exogenous and endogenous ligands can activate the TLR4-MyD88-dependent signaling pathway [38, 39] . Miller et al. showed that the mmLDL-induced stimulation of macropinocytosis was TLR4 dependent and resulted in lipid accumulation in macrophages [17] . Pal et al. found that FetA played a crucial role in regulating insulin sensitivity via the TLR4-MyD88-dependent signaling pathway in mice. FetA knockdown in mice with hyperglycemia resulted in inactivation of the TLR4-MyD88-dependent signaling pathway, whereas selective administration of FetA induced inflammatory signaling and insulin resistance [16] . In addition, Yu et al. [29] showed MyD88-dependent interplay between myeloid and endothelial cells in the initiation and progression of atherosclerosis. MyD88 deficiency in endothelial cells results in a moderate reduction in diet-induced adipose macrophage infiltration, and M1 polarization, selective insulin sensitivity in adipose tissue, and amelioration of spontaneous atherosclerosis [29] . Therefore, we hypothesized that TLR4 and MyD88 were highly likely to be associated with hyperglycemia and hyperlipidemia, consistent with the effect-modification by hyperglycemia and hyperlipidemia that was observed in TLR4 rs11536889 and MyD88 rs7744 interaction.
Although the LPS of H. pylori has been shown to be one of the most powerful exogenous TLR4 ligands, there is no evidence of systemic invasion of H. pylori beyond the intestinal mucosa. Researchers have looked for H. pylori DNA in atheromatous tissue specimens using PCR. Kaklikkaya et al. did not detect H. pylori DNA in 21 patients with aortoiliac occlusive disease [40] . In addition, Dore et al., found that only one of 32 atherosclerotic plaques obtained at endarterectomy was positive for H. pylori DNA; however, the possibility of contamination could not be excluded in this study [41] . Hishiki et al. have speculated that a relationship between H. pylori, decreased body mass index and decreased plasma total cholesterol caused by dyspepsia exists, and that eradication of H. pylori might exaggerate the metabolic syndrome [42] . In the present study, no interaction effect between TLR4 rs11536889 and MyD88 rs7744 polymorphisms in the subgroup analyses for H. pylori infection was identified. Taken together, the evidence above indicates that H. pylori is unlikely to be involved in the atherogenic process in arteries, and supports our findings that H. pylori does not influence the interaction effect of TLR4 rs11536889 and MyD88 rs7744 in CAD risk.
Our study has some limitations. Firstly, although our study comprised 424 CAD participants and 424 controls, this sample size may still be relatively insufficient for fully analyzing interaction effects. Secondly, additional adenosine functional tests were absent, so we could not investigate the relationship of SNP-SNP interaction effects on microvascular dysfunction in the participants [43] . Thirdly, some information was lost for a small number of study participants, such as lifestyle factors (i.e., smoking and alcohol status), precluding their use as environmental factors in our multivariate logistic regression. Lastly, this study was hospital-based, which might increase the selection bias in comparison with population-based study.
Conclusions
In summary, our study is the first to show that a novel SNP interaction between TLR4 rs11536889 and MyD88 rs7744 is associated with an increased risk of CAD. Furthermore, the interaction strength was enhanced under conditions of hyperglycemia or hyperlipidemia. Our results provide a potential genetic clue to help predict CAD risk in susceptible people. Large-scale studies and experiments to determine the mechanisms are required to confirm the findings of this study.
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